ABSTRACT One of the long recognized features of Himalayan geology is the apparent inversion of metamorphic sequences, as evidenced in both metamorphic parageneses and thermobarometric data. With the aid of an extended thermobarometric dataset from the Langtang Valley section of the Higher Himalayan Crystallines, it can be demonstrated that the relatively large uncertainties associated with traditional thermobarometric techniques severely limit the tectonic interpretation of metamorphic gradients across the Himalayas. We apply the recently developed DPT approach, which significantly improves the precision to which pressure and temperature diVerences between samples may be calculated. High-precision thermobarometric data reveal an isothermal, rather than inverted, temperature array at Langtang, while the pressure data suggest significant structural complexity, with the Higher Himalayan Crystallines in the Langtang section comprising two distinct, possibly duplicated sequences, each having experienced considerable structural attenuation following metamorphism.
INTRODUCTION the Himalayas. Geothermobarometry is commonly used by metamorphic geologists for reconstructing the geological history of individual samples and entire terranes, with the INVERTED METAMORPHIC P -T ARRAYS IN TH E ultimate aim of constraining tectonic processes. Various HIMALAYAS sources of uncertainty contribute to the final uncerIt has long been recognized that the metamorphic tainties in thermobarometric calculations, limiting the grade of rocks on the southern side of the Himalayas eventual utility of the results as discriminants between increases from south to north and that, together with potential tectonic scenarios. These sources of uncerthe north-dipping setting, this represents an apparent tainty can be broadly separated into geological errors, increase in metamorphic temperature up the structural arising from input uncertainty, and computational section. This apparent inversion of the normal geothererrors, arising during pressure and temperature calcumal structure has been the subject of numerous studies, lations. A recently developed geothermobarometric based on observations (e.g. Hubbard, 1989 Hubbard, , 1996 ; Inger method, the DPT approach (Worley & Powell, 2000) , & Harris, 1992; Metcalfe, 1993; Macfarlane, 1995 ; significantly improves the precision on calculated Vannay et al., 1999) and on theoretical considerations differences in pressure and temperature, making it (e.g. Jaupart & Provost, 1985 ; England & Molnar, particularly applicable to problems where spatial 1993; Ruppel & Hodges, 1994; Jamieson et al., 1996) . variations or gradients are of more interest than
In detail, two apparent inverted metamorphic absolute values of P and T . Here we apply the DPT sequences have been recognized in the Himalayas. The approach to rocks from the Langtang Valley in the first is across the Main Central Thrust (MCT), where Nepalese Himalayas, to constrain P-T field gradients kyanite-bearing rocks structurally overlie chloriteacross a crustal section of c. 15 km. The application of grade Lesser Himalayan metasedimentary rocks, and the DPT approach to the Langtang section reveals the second is found within the hanging wall of the details in the baric structure of this section that have MCT, where kyanite-bearing rocks are overlain by been obscured in previous studies by large uncertainties sillimanite-bearing rocks. A variety of causative proin absolute pressure estimations. The results are cesses have been proposed for the inversion of discussed in the context of alternative models for the metamorphic gradients in the Himalayas, including post-metamorphic deformation (e.g. Hubbard, 1996) , synmetamorphic thrusting accompanied by shear heat-*Present address: Department of Geology and Geophysics, exhumation (e.g. Inger & Harris, 1992; Davidson et al., (1996) also make the point that an apparently lithostatic pressure array can be produced in exposed 1997), and heat focusing below low-conductivity sediments (Jaupart & Provost, 1985) . While these rocks even though the points that define it never formed a vertical array. Thus, the appearance of a hypotheses are based on a combination of structural, metamorphic and geochronological observations, one lithostatic pressure array does not necessarily imply structural coherence. of the fundamental lines of evidence is the spatial variation of metamorphic pressure and temperature
The discussion above illustrates that, in principle, preserved metamorphic temperature and pressure across the region.
Before turning to the thermal and baric structure of arrays may provide valuable constraints on tectonic reconstructions. In practice, however, relatively large the Langtang section of the Higher Himalayas, it is worth briefly considering the tectonic implications of uncertainties on individual temperature and pressure estimates severely limit the utility of trends in the data the preserved pressure array within a crustal section. A lithostatic pressure gradient is to be expected in a as a tectonic tool. For example, Macfarlane (1995) noted that deviation from a lithostatic gradient, due case where all samples equilibrated synchronously within a section which has not subsequently been to equilibration at different times up-section during exhumation at realistic rates, is unlikely to be detected structurally disrupted. In contrast, diachronous metamorphic equilibration within a section, during using traditional thermobarometric techniques. In this contribution, we re-examine the distribution of calcu-P-T -time evolution, will produce pressure arrays which deviate from lithostatic, as will postlated metamorphic pressure and temperature conditions within the hanging wall of the MCT, across metamorphic structural disruption of the section. The preserved pressure array therefore potentially provides the Langtang Valley section of the Higher Himalayas. We build on the previous work of Inger & Harris an insight both into processes governing metamorphism and the extent of subsequent structural activity.
(1992) and Macfarlane (1995) and present highprecision geothermobarometric results using the To illustrate causes of a non-lithostatic preserved pressure gradient, let us first consider the case of an approach of Worley & Powell (2000) . exhuming crustal block, with all rocks undergoing clockwise P-T -time paths (e.g. England & Thompson, GEOLOGICAL SETTING OF THE LANGTANG 1984) . Peak temperatures will be reached at progress-VALLEY ively later times with increasing depth, and the apparent barometric gradient preserved by the array
The geological structure of the Himalayan orogen can be broadly divided into three east-west-trending zones, of pressures at peak temperature (P Tmax ) will be less than the expected lithostatic gradient for the approseparated by major north-dipping faults ( Fig. 1) . At the southern margin of the orogen, the Main Boundary priate average density over the depth range of interest. This effect is largely a consequence of the role played Thrust (MBT) juxtaposes molassic sediments of the Siwalik foreland with the low-grade metasedimentary by the Earth's surface, which has a most pronounced effect at shallow levels. The result is that shallower rocks of the Lesser Himalayan sequence. To the north, across the MCT, the main divide of the Himalayan rocks will tend to reach peak temperatures at a depth close to their maximum depth, whereas deeper rocks range is composed of the Higher Himalayan Crystallines (HHC), which structurally overlie the will continue to heat for a larger proportion of their exhumation path, reaching peak temperatures at Lesser Himalayan sequence. Still further north, significantly shallower levels than their maximum depth. The net effect is a preserved metamorphic pressure gradient less than lithostatic. The reduction of the preserved pressure gradient in this case is related to the rate of exhumation of the crustal section, and parameters such as the thermal conductivity and internal heat production. Homogeneous thickening of a section subsequent to metamorphic equilibration will also reduce the preserved pressure gradient by increasing the structural distance between rocks which metamorphically equilibrated closer together. In contrast, apparent pressure gradients that are steeper than lithostatic are expected to result from structural extension subsequent to metamorphic equilibration. It should be noted, however, that Jamieson et al. (1996) the major lithological and structural features. MBT, Main showed that steeper than lithostatic apparent pressure convergence rate and exhumation rate. Jamieson et al.
the HHC are truncated by a major normal fault two periods of movement on the MCT, the first being early ductile movement which was synchronous with system, the South Tibetan Detachment (STD), north of which lies the Tibetan sedimentary sequence. metamorphism, occurring before c. Macfarlane (1993) . of structural thickness through the HHC (Fig. 2) . The base of the Langtang section, near the junction of the Langtang and Trisuli Rivers, exposes the MCT PREVIOUS GEOTHERMO BAROMETRY zone, a broad (c. 4 km thick) region of ductile shear which juxtaposes chlorite-and biotite-grade Lesser Two previous studies have presented thermobarometric data from the Langtang Valley. Inger & Harris (1992) Himalayan metasedimentary rocks with amphibolite facies metasedimentary rocks of the HHC. The lowerused THERMOCALC (Powell & Holland, 1988) and the internally consistent thermodynamic dataset of most c. 5 km of the HHC in the Langtang Valley contains kyanite-bearing metapelitic assemblages, Holland & Powell (1990) to produce pressure and temperature profiles across the lower c. 15 km of the whereas structurally higher in the section fibrolitic sillimanite is common. The upper part of the Langtang HHC, based on results from 14 samples. Although their data showed considerable scatter, Inger & Harris HHC sequence contains large volumes of postkinematic leucogranite, forming sills and sheets subcon-(1992) noted that metamorphic temperatures were within a range of c. 150°C, at around 700°C, implying cordant to regional schistosity, which can be divided into a tourmaline-bearing suite and a two-mica-bearing either a relatively low geothermal gradient within the section, or diachronous equilibration. Pressure estisuite (Inger & Harris, 1993) . These sills and sheets appear to have been fed by dykes which cross-cut mates from the top of the section were significantly lower than those from the base of the section and, schists and gneisses immediately below the level of emplacement.
although the data were scattered, Inger & Harris (1992) proposed two populations in the pressure data, The protolith of the HHC at Langtang is regarded as late Proterozoic clastic sediment, based on detrital which they attributed to diachronous metamorphism between the kyanite and sillimanite zones. zircon ages between 1.0 and 0.8 Ga (Parrish & Hodges, 1996) . Uranium-lead ages of accessory minerals show
In a similar study, Macfarlane (1995) calculated P-T conditions from 19 samples using simultaneous soluno evidence for pre-Himalayan or Eo-Himalayan metamorphism, with monazite yielding early to midtion of the garnet-biotite thermometer (Ferry & Spear, 1978) and either the garnet-muscovite-biotite-plagioMiocene ages (Parrish & Hodges, 1996) , interpreted to approximate the time of peak metamorphism. On clase barometer (Ghent & Stout, 1981) or the garnetaluminosilicate-quartz-plagioclase barometer (Ghent, the basis of 40Ar/39Ar ages for biotite, Macfarlane (1993) Macfarlane (1995) suggested
Results from these previous studies have led to contrasting interpretations of the metamorphic history of the HHC at Langtang. Inger & Harris (1992) suggested that, although the HHC represents a coherent crustal block, sillimanite-zone rocks resulted from overprinting of existing kyanite-bearing rocks during a distinct thermal event, associated with the emplacement of leucogranites at the top of the HHC section. This interpretation was based on their barometric data, in which pressures calculated from sillimanitezone rocks plotted as a group at lower pressures than kyanite-zone rocks. Their data coverage, however, was sparse, particularly across the kyanite to sillimanite zone with the observation of kyanite inclusions within garnet in sillimanite-bearing rocks, although it is published mineral composition data of both Inger & Harris (1992) and Macfarlane (1995) to produce a equally possible that this texture could result from progressive metamorphism at increasing temperature more comprehensive and internally consistent P-T dataset for the Langtang Valley. or decreasing pressure during a 'single' metamorphic event. Macfarlane (1995) Macfarlane (1995) noted that, within the error of her from the MCT zone at the base of the section (Fig. 3) . All samples data, the pressure array can be explained by cooling come from the Syabru Unit of Reddy et al. (1993) . This part of the throughout the HHC block in response to exhumation, section is dominated by foliated pelitic and semipelitic schists with an average dip of approximately 45°to the NE, subparallel to the provided that adjacent units cooled within a few orientation of the MCT. Most structural models for this part of the million years of each other. This explanation therefore Himalaya imply that the present orientation of the foliation is due does not require distinct thermal events or tectonic to ramping on the upper part of the MCT which flattens with depth juxtaposition to account for the kyanite-and to form part of the Main Himalayan Thrust decollement (Brown et al., 1996) . Based on the assumption that, at the time of sillimanite-zone metamorphism. metamorphism, the foliation was probably close to horizontal, Reddy et al. (1993) did not present P-T data, but relative structural heights have been calculated for samples used in argued for a structural break between the kyanite and the geothermobarometric calculations presented below.
sillimanite zones based on textural observations. Reddy
The typical assemblage in HHC rocks from Langtang is biotitegarnet-muscovite-plagioclase-quartz±aluminosilicate. Garnet et al. (1993) regarded kyanite growth to be postoccurs as porphyroblasts up to about 1 cm, but more typically kinematic and sillimanite growth to be syn-kinematic.
about 1-3 mm, in diameter (Fig. 4) . Porphyroblasts from both
They therefore suggested that foliation development in the kyanite and sillimanite zones contain inclusions of the kyanite zone pre-dated MCT movement, and LG37 LG35
LG15
LG36
LG23
LG26
LG28
LG29 MCT 45 Naya Kanga LG23: sillimanite zone. Garnet porphyroblast with inclusion-free rim overgrowing biotite foliation. This sample also contains abundant fibrolitic sillimanite, occurring both within the biotite foliation and as randomly oriented needles. Long dimension of photograph is 1 cm.
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Himalayan garnet by Macfarlane (1995) using compositional profiles. Both LG39 and LG40 contain X-RAY MAPPING chloritoid which distinguishes them from other samples collected in this study. Chloritoid has an upper stability Intragrain garnet compositional variation has been limit of less than 600°C between 500 and 1000 MPa documented via semiquantitative X-ray maps. This has (e.g. Mahar et al., 1997) , significantly less than been undertaken for each sample, enabling informed temperature estimates derived from other HHC selection of sites for quantitative electron probe samples (see below). These two samples are therefore microanalyses to be used in thermobarometric calcuinterpreted to represent a sliver of the Lesser lations. X-Ray maps were collected using the Cameca Himalayan sequence which was tectonically incorpor-SX-51 electron probe at The University of Adelaide, ated into the MCT zone during thrust movement. The at operating conditions of 15 kV and either 500 or sharp zonation within garnet in these two samples is 1000 nA, with a dwell time of 10 ms. The instrument interpreted as a growth feature, as it occurs in a has four crystal spectrometers, which were configured narrow zone in the interior of grains, rather than at for simultaneous counting of Ca, Fe, Mn and Al or Mg.
grain boundaries, and the Ca zonation, in particular, Representative X-ray maps of garnet are shown in is distinctly euhedral. The abrupt change in garnet Fig. 5 . Typical zonation patterns show a decrease in composition within these samples suggests two distinct Ca and Mg and an increase in Mn content from core garnet growth episodes in these rocks, although to rim. The Fe zonation is generally weak, but most whether these correspond to distinct tectonic events or commonly increases towards the rim. Sample LG35 is to different portions of a single P-T path is unclear. an exception to these general trends, with Ca zonation One possibility is that the growth of garnet rims in exhibiting a euhedral interior region with relatively these samples is related to emplacement of the HHC low Ca content, surrounded by an embayed outer zone above the Lesser Himalayan sequence, via movement which shows the typical zonation of decreasing Ca on the MCT subsequent to metamorphism in the towards the rim. In many cases, zonation patterns are HHC, whereas the high-Ca garnet cores represent an not centred in the grain, and do not necessarily mimic earlier metamorphic episode within the Lesser the shape of the grain outline (e.g. Fig. 5, LG15, LG31).
Himalayan sequence. This interpretation is consistent It is important to distinguish the origin of the with recent geochronological results from the Lesser compositional zonation in order to choose appropriate Himalaya in the region immediately west of Langtang, mineral compositions for thermobarometric calcuindicating peak metamorphism in the MCT footwall lations and, furthermore, to correctly interpret the at about 6 Ma (Harrison et al., 1997) . Without detailed resulting P-T estimations. Several lines of evidence comparative geochronology, the correlation of metasuggest that the zonation patterns observed in garnet morphism in the HHC with the growth of garnet cores from the HHC are most likely the result of diffusional in the footwall of the MCT remains speculative. re-equilibration, rather than growth zoning. First, the characteristic pattern of increasing Mn content at garnet rims contrasts with the bell-shaped Mn profiles GEOTHERMOBAROMETRY RESULTS commonly attributed to growth zonation. In addition,
The X-ray mapping illustrates considerable internal steep zonation in HHC garnet is restricted to a zonation in garnet compositions, raising questions relatively narrow zone at grain margins, and in some about which compositions are appropriate for thermograins around large inclusions of quartz (e.g. Fig. 5 , barometric calculations. We have selected regions LG15), suggesting diffusion acting from the grain within both core and rim domains in garnet for use in boundary subsequent to growth. Some garnet (e.g. thermobarometric calculations. The mineral composi- Fig. 5, LG31 ) shows zonation patterns which mimic tions are given in Table 1 . All thermobarometric deep embayments. Assuming that the embayments are calculations have been made using THERMOCALC resorption features rather than primary growth features implies that the characteristic zonation in HHC garnet v.3 (Powell & Holland, 1988) , and the latest version LG35 results from collecting over a grid of 256×256 pixels, whereas all other maps comprise 512×512 pixels. In every case, lighter tones indicate higher concentrations of the element analysed. of the Holland and Powell dataset (Holland & Powell, there is no certainty that the grains we have analysed are cut through their centres. This may account for 1998). In addition to the new data for 10 samples, we have applied the THERMOCALC approach to the some of the scatter evident in the data calculated using garnet core compositions (Fig. 6) . A strictly rigorous published mineral composition data from Inger & Harris (1992) and Macfarlane (1995) to improve the documentation of compositional zonation requires the recognition of the size and shape of grains in three density of sample coverage in the Langtang section, resulting in a compiled P-T dataset of 29 samples dimensions, through techniques such as X-ray tomography (e.g. Denison et al., 1997) . Despite the scatter, across c. 15 km of structural section, all of which have been treated with a consistent geothermobarometric where core and rim compositions are available for the same sample, core compositions generally yield higher approach. It should be noted that Inger & Harris (1992) and Macfarlane (1995) presented only rim calculated values for both P and T than the rims (Fig. 6) . However, only two cases (samples LG23, compositions for garnet, and so P-T calculations using garnet core compositions are limited to the additional
LG26) show very clear differences between core and rim P-T estimates, and, even in these cases, the samples collected in this study. Although a concerted attempt has been made in this study to account for estimates are within uncertainty. The remaining discussion will focus on results obtained using garnet rim compositional zonation, via the use of X-ray maps, LG35
LG36 LG37 compositions (Table 2) , over which we have better spatial control, and which can more confidently be regarded as part of an equilibrium assemblage with the surrounding matrix phases. Pressure and temperature estimates using garnet rim compositions are plotted against structural level in Fig. 7 , where structural height has been calculated from geographic position assuming an average dip of 45°NE (Inger & Harris, 1992; Reddy et al., 1993; Macfarlane, 1995) . The THERMOCALC results are broadly consistent with those of Macfarlane (1995) , and appear to be considerably more systematic than the results of Inger & Harris (1992). Temperature estimates from within the HHC are essentially isothermal, with all samples across the c. 15 km of structural section plotting within error of 650°C. There is no evidence in the P-T data for increasing temperature up-section within the HHC, although the samples do not extend to the uppermost levels of the section where leucogranites intrude. Samples from the MCT zone (samples L7a, L52a) yield slightly lower temperature estimates than those from the HHC, consistent with the previously documented inverted metamorphic field gradient across the MCT.
Calculated pressures decrease from around 900 MPa at the base of the HHC section to around 500 MPa 14 km structurally higher in the section, consistent with an average lithostatic gradient, as noted by Macfarlane (1995) . Linear regression of the pressure data yields an average gradient of 30±8 MPa km−1, well within error of an average lithostatic gradient of c. 27 MPa km−1 (assuming an average density of 2700 kg m−3), but with considerable associated uncertainty. This is illustrated in Fig. 7 , where pressure gradients 30% steeper and shallower than lithostatic have been plotted and also fall within error limits. The Table 2 . Results of THERMOCALC average P-T calculations from Langtang, using garnet rim and core compositions. All uncertainties are given at the 2s level. 
Sample numbers with the prefix LG are samples collected for this study, samples prefixed by L are from McFarlane (1995) , samples SSM8, SRM4, SLM2, LM201 are from Inger & Harris (1992) . Sample numbers shown in bold are those used in DPT calculations (see text for discussion). bi, biotite; chl, chlorite; crd, cordierite; g, garnet; ilm, ilmenite; Kfs, K-feldspar; ky, kyanite; mu, muscovite; pl, plagioclase; q, quartz; ru, rutile; sill, sillimanite; st, staurolite.
uncertainties on individual pressure estimations are In addition to these sources, there is a potentially significant contribution associated with the geological typically greater than ±200 MPa (2s), leading to the relatively large uncertainty on the gradient, and interpretation of equilibrium mineral assemblages and the selection of appropriate mineral compositions. It potentially also obscuring variation in the pressure gradient within the section. Pressures from MCT-zone is difficult to treat such geological precision in a meaningful statistical manner (Kohn & Spear, 1991 ; samples plot at slightly lower pressure than samples from the HHC, but overlap within uncertainty. Worley & Powell, 2000) ; however, its effect can be minimized by careful, systematic petrological observations and, specifically, X-ray compositional mapping.
RELATIVE THERMOBARO METRY
Statistical treatment of the input uncertainties, outlined above, results in relatively large uncertainties There are a number of sources of uncertainty which contribute to the final precision of thermobarometric on the calculated values of pressure and temperature. For example, 2s uncertainties on P-T results from the calculations. The most significant of these which can be treated statistically are as follows.
Langtang section are generally greater than ±200 MPa and ±50°C. However, recognition that many of the 1 Analytical precision: uncertainties stemming from the analysis of mineral compositions via electron probe input uncertainties are systematic when applied to multiple samples with the same mineral assemblage microanalyses. 2 Thermodynamic data: uncertainties associated with has led to the recent development of a high-precision relative thermobarometry technique, termed the DPT thermodynamic data, i.e. the calibration of barometers and thermometers or, as in the case of the Holland approach (Worley & Powell, 2000) . The systematic uncertainties result in calculated pressures and temand Powell dataset, the enthalpies of formation of the mineral end-members (Holland & Powell, 1998) .
peratures that are strongly correlated and therefore, although absolute P-T estimates may be quite uncer-3 Activity-composition relationships: uncertainties associated with the solution models used to calculate tain, differences in P-T can be constrained with much more precision. end-member activities from the measured mineral compositions.
The nature of the DPT methodology is such that the average P-T calculations, in that they yield an essentially isothermal distribution up the structural section. The absolute values of temperature are lower by about 50°C than those plotted in Fig. 7(a) due to the use of the fluid-absent subassemblage for DPT calculations. All but two of the samples give DPT results within uncertainty of 600°C. Using the observation that the section is essentially isothermal allows the pressure array to be calculated by fixing DT =0, i.e. T =600°C for all samples, and calculating DP using average P rather than average P-T (Worley & Powell, 2000) . This method further improves the precision on the individual DP results, with uncertainties reduced by a factor of at least four compared with the traditional average P-T approach. The DP| DT=0 array reveals significant internal structure which is obscured by the relatively large uncertainties on the THERMOCALC average P-T results. Distinct trends in pressure with structural height emerge for the kyanite zone versus the sillimanite zone. Pressure decreases with structural height from around 900 MPa at the base of the section to around 650 MPa near the top of the kyanite zone. The trend of decreasing pressure with structural height does not continue smoothly up the section; instead, the data from the middle part of the section define a second pressure with the conventional THERMOCALC data (Fig. 7) and the results of Macfarlane (1995) . However, the apparent discontinuities in the pressure array are the highest degree of precision is achieved when applied to samples with the same mineral assemblage obscured by the large uncertainties on individual pressure determinations using the traditional or subassemblage. Of the 29 samples used for THERMOCALC P-T calculations, 15 that contain approaches. It should be noted that, although the data presented the assemblage garnet-plagioclase-aluminosilicatebiotite-muscovite-quartz were selected for treatment in Fig. 6 do not reveal large differences in core and rim estimates for most samples, the possibility remains with the DPT method (Table 3) . Of these 15 samples, nine were collected for this study, five are from that the results reflect some degree of diffusional re-equilibration subsequent to the metamorphic peak. Macfarlane (1995) , and one is from Inger & Harris (1992) .
It is well known that temperature estimates are more susceptible to diffusional re-equilibration than pressure Results are shown in Fig. 8 as pressure and temperature arrays. In each case, sample LG15 from near the estimates, and thus our reported temperatures may be somewhat underestimated. In the absence of an base of the section was chosen as an anchor point for which absolute P-T conditions have been calculated. independent method for retrieving reliable temperature estimates, there is little that can be done to quantify The pressure and temperature of the remaining samples have been calculated as P-T differences relative to this this effect. However, the most interesting result from the DPT data is the discontinuous nature of the anchor point (Table 3) and then scaled by the absolute P-T conditions as calculated for LG15. It should be pressure array, which is unlikely to be an artifact of diffusional re-equilibration. noted that the P-T conditions calculated for LG15 using the fluid-absent subassemblage (Table 3) are One obvious question raised by the DP array is: why do rocks from the lower half of the sillimanite slightly different from the values given in Table 2 .
The DPT results for temperature are consistent with zone contain sillimanite, despite preserving pressures Table 3 . Results from DPT calculations, using the assemblage g-bi-mu-pl-als-q, presented as temperatures and pressures relative to sample LG15. Uncertainties are 2s.
LG37 which are equivalent to those preserved by kyanitec. 100 MPa, suggesting relative vertical movement of c. 3 km. Other features of the data presented here are bearing rocks immediately below? On a pressure versus temperature diagram (Fig. 9) , the data, within uncerthe relatively steep pressure gradients within both the kyanite and sillimanite zones, and the isothermal tainty, plot on the correct sides of the kyanite to sillimanite boundary, resolving this apparent paradox.
temperature array. The generation of steeper than lithostatic metamorIn summary, the most distinctive features of the DPT data for the HHC at Langtang are the essentially phic pressure gradients over a thick structural section can be accomplished in more than one way. Jamieson isothermal temperature array, the discontinuities in pressure with structural height and the steeper than et al. (1996) presented a model involving synmetamorphic ductile shear and showed that a wide variety lithostatic pressure gradients within individual segments of the pressure array.
of pressure arrays can be produced depending on the convergence rate. Variable rates of erosional exhumation across an orogen will also influence the preserved pressure array. Such a model may, at least in part, INTERPRETATIO N OF THE TEMPERATURE AND account for the steeper than lithostatic gradients PRESSU RE ARRAYS observed in the Langtang data. It should be noted that, in this model, the preserved pressure array results The THERMOCALC average P-T results from the compiled dataset presented here (Fig. 7) accord with from non-synchronous metamorphic equilibration across the section. In principle, therefore, this scenario Macfarlane's (1995) data, and based on these results alone we would also have been led to fit an approxicould be tested by high-precision geochronology throughout the section. Alternatively, steeper than mately lithostatic gradient through the entire section. In this case, we would see no compelling reason to lithostatic pressure gradients could have been produced by post-metamorphic extension of the section, such suggest a structural break between the kyanite and sillimanite zones. However, the more detailed trends that rocks equilibrated at structural positions which were vertically further separated than their present revealed by the DPT approach (Fig. 8) serve to illustrate the considerable uncertainties that must be position in the section would indicate. This would accord with the observations of Reddy et al. (1993) attached to trends in conventional P-T data, where the precision on individual P-T estimates is relatively who identified local areas where shear criteria in the regional foliation indicated local NE-directed extenpoor.
The most obvious explanation for the discontinuities sion. These zones contained sillimanite, indicating that extension took place at relatively high temperatures. in the pressure array revealed by the DPT results is tectonic juxtaposition subsequent to metamorphism.
The magnitude of extension required to explain the Langtang data cannot be tightly constrained, but the This possibility is consistent with the suggestion of Reddy et al. (1993) that there is a cryptic thrust pressure gradients within both the kyanite and sillimanite zones are approximately double an average lithosbetween the kyanite and sillimanite zones, although our data suggest the presence of two thrust planes. No tatic gradient, as shown in Fig. 8 , which would suggest extension by a factor of about two. It is possible that clear field evidence was found for discrete thrusts at the positions identified in the pressure array, although both synmetamorphic shearing, as in the model of Jamieson et al. (1996) , and post-metamorphic extension this is not surprising given the discontinuous nature of the outcrop and heavily wooded hillsides in the have contributed to the steeper than lithostatic pressure gradients seen in the DPT data. region of the kyanite to sillimanite transition. Each of the two discontinuities in the pressure array is Preservation of an isothermal temperature array this. The implicit assumption in our interpretation of composition and cannot be interpreted in terms of has therefore been calculated using the DP approach, where regional thermal and baric structure. Such a problem DT is set to zero, yielding considerably reduced uncertainties is general in thermobarometry and, although it cannot (see Table 3 ). The pressure array exhibits structure which is be entirely discounted, the systematic variations in obscured by the larger uncertainties on the THERMOCALC data (Fig. 6 ). The pressure gradient within both the kyanite apparent P and T are consistent with regional P-T zone and sillimanite zone is steeper than lithostatic, but is control on equilibration. Some of the high-frequency offset across the transition between the zones. An average scatter in the data, however, may be a result of more lithostatic gradient (broken line) and a gradient twice subtle bulk compositional effects.
lithostatic (bold line) are plotted for reference.
DISCUSSION spanning a range in pressure from c. 900 to c. 500 MPa suggests that peak metamorphic conditions were Two proposed zones of inverted metamorphic temperature have been identified in the Himalayas. The first is virtually isothermal over a depth range of about 13 km. Taken at face value, these data would therefore require in the footwall of the MCT, where metamorphic grade in the Lesser Himalayan sequence increases up-section an efficient heat transport mechanism in order to equalize temperatures through the section. However, towards the MCT, and the second is within the hanging wall of the MCT, where sillimanite-bearing we do not have convincing evidence that peak metamorphic conditions were reached synchronously rocks overlie kyanite-bearing rocks. The origin of these apparently 'inverted' metamorphic sequences in the throughout the section. It is likely that the timing of peak metamorphism varied both within apparently High Himalayas has been the subject of considerable research, resulting in the proposal of several contrasting coherent parts of the section, and between different parts (e.g. Macfarlane, 1995; Jamieson et al., 1996) . models (e.g. Le Fort, 1975; Jaupart & Provost, 1985; Treloar et al., 1989; Swapp & Hollister, 1991 ; England Despite our best efforts, some uncertainty still exists in any comparative thermobarometric study such as et al. , 1992; England & Molnar, 1993; Hubbard, 1996; Jamieson et al., 1996) . Hubbard (1996) has divided tural disruption is not limited to the Langtang region, but has been reported in other sections through the these models loosely into two categories: 1 models which invoke a heat source above the region HHC. For example, England & Molnar (1993) pointed out that the P-T data of Hubbard (1989) for the of inverted metamorphism; 2 models which invoke post-metamorphic structural Everest region of the HHC imply structural thinning post-dating metamorphism, since the data span a processes which invert a pre-existing right-way-up metamorphic sequence.
range of pressures corresponding to about three times the present structural thickness of the transect. Type 1 models are based on the premise that the preserved metamorphic array represents a subsequently Davidson et al. (1997) mapped an out-of-sequence thrust, the Kakhtang thrust, in the middle of the HHC undisturbed structural section, and thus reflects the nature of the thermal regime at the time of metamorin Bhutan, which had earlier been proposed by Swapp & Hollister (1991) based on petrological observations. phism, while not precluding the possibility of variation in the timing of peak metamorphism within the section. Treloar et al. (1989) described the inverted metamorphic sequence in northern Pakistan as a result of postProponents of type 1 models have invoked various heat sources to account for inverted metamorphic metamorphic thrusting. Recognition of the tectonic juxaposition of rocks gradients, including advection of heat within an overthrust hanging wall (Le Fort, 1975) , shear heating within the Langtang section raises the possibility that the different thrust sheets may represent different during synmetamorphic ductile deformation (England et al., 1992; England & Molnar, 1993) , and heat protoliths and/or have experienced distinct tectonothermal histories. With respect to protoliths, Parrish focusing by overlying low thermal conductivity Tethyan sediments (Jaupart & Provost, 1985; Inger & & Hodges (1996) reported similar Nd isotope signatures from three kyanite-zone samples and one sillimanHarris, 1992). In contrast, proponents of type 2 models have argued that the present metamorphic character ite-zone sample. Existing geochronological data constraining the metamorphic age within the Langtang of the Himalayas is a result of post-metamorphic structural juxaposition of rocks of different grade, and section are sparse (Parrish et al., 1992) , and are not sufficient to test the possibility of age variations. More potentially of different metamorphic age (Treloar et al., 1989; Swapp & Hollister, 1991; Hubbard, 1996) . rigorous testing of the timing of peak metamorphism across the section will require careful comparative We do not have DPT data to constrain the inverted metamorphism within the Lesser Himalayan sequence.
geochronology using both kyanite-zone and sillimanite-zone samples. This would be best attempted using However, an inverted metamorphic field gradient across the MCT is suggested by the presence of monazite U-Th-Pb geochronology in a similar fashion to the work of Harrison et al. (1997) . Contrasting chloritoid in lower MCT-zone rocks, implying temperatures <600°C (e.g. Mahar et al., 1997) , contrasting ages from the kyanite and sillimanite zones would lend strong support to the interpretation of postwith temperatures >600°C within the HHC. The characteristically different zonation patterns in garnet metamorphic structural juxtaposition. Despite having experienced contraction, and possible porphyroblasts from the base of the MCT zone also suggest a distinct P-T history for these rocks. This is extension, since metamorphism, the Langtang section shows no clear gradients or discontinuities in temperaconsistent with the recent geochronological results of Harrison et al. (1997) from the region immediately ture up the section. Rather than being inverted, the metamorphic field gradient within the HHC at west of the Langtang area, indicating that metamorphism in the Lesser Himalayas is late Miocene in age Langtang is essentially isothermal, relieving the need for a localized heat source in the upper part of the (c. 6 Ma) compared with early Miocene (c. 20 Ma) metamorphism in the HHC. A detailed geochronologsection, but leaving the question of how uniform peak temperatures were produced over a depth range of ical study would be required to assess whether metamorphism is similarly diachronous across the between 10 and 15 km. Macfarlane (1995) preferred the explanation of MCT zone in the Langtang region.
The data presented here bear on the origin of the Ruppel & Hodges (1994) , in which rocks within the hanging wall of a thrust reach peak temperatures at apparent 'inverted' metamorphic sequence within the hanging wall of the MCT. The DPT data suggest that different times at different structural levels, with peak temperatures falling within a range of 80-200°C over the Langtang section of the HHC consists of three structural blocks which were juxtaposed by postabout 15 km. She argued that the uncertainties on metamorphic temperature allow for an unrecognized metamorphic thrusting. The steeper than lithostatic apparent pressure gradients within the individual temperature gradient of this magnitude. However, the more precise DPT data presented here place tighter thrust blocks are consistent with considerable extensional deformation subsequent to metamorphism, constraints on relative metamorphic temperatures, yet do not reveal the presence of a temperature gradient, although this effect may also have resulted from synmetamorphic deformation. We therefore do not despite preserved pressures spanning a range corresponding to about 13 km of crustal depth. In addition, regard the Langtang section as a structurally undisturbed section. Evidence for post-metamorphic structhe model of Ruppel & Hodges (1994) predicts either
